This paper explores the global wind power potential of Airborne Wind Energy 17 (AWE), a relatively new branch of renewable energy that utilizes airborne tethered 18 devices to generate electricity from the wind. Unlike wind turbines mounted on towers, 19 AWE systems can be automatically raised and lowered to the height of maximum wind 20 speeds, thereby providing a more temporally consistent power production. 12 W) could be generated, more than enough to provide electricity to all of 39 humanity. 40
Airborne Wind Energy (AWE) is a relatively new branch of the wind energy field that 43 deals with airborne devices, rather than ground-based or offshore wind turbines (hereafter 44 referred to as "conventional"), to extract a portion of the wind's kinetic energy and 45 convert it to electricity [1, 2] . All AWE systems use tethers to connect an airborne device 46 to a ground station, which could be mounted on land, an anchored buoy, an offshore 47 platform, or a boat. The tethers are constructed of strong, lightweight, durable, synthetic 48 fibers; some tethers also contain a conductive material, such as aluminum. There are 49 currently two types of AWE systems: the first having an on-board electric generator, and 50 the second employing a ground-based generator. In the latter case, the AWE devices 51 operate on cycles that involve reeling in and out of the tether, resemble kites [3] [4] [5] , do not 52 have rotating blades, are made of light fabrics, and generally take advantage of cross-53 wind flight [6] . If using on-board generators, the AWE systems include, separately or in 54 combination, gas-filled aerostats [7] , a rigid wing, or a frame with rotating blades [8] . 55
Although no commercial AWE system is available on the market as of mid-2013, 56 AWE is a proven concept [5] [6] [7] and over 100 AWE-related patents have been filed in the 57 US alone (http://patft.uspto.gov). The AWE community has been growing rapidly in the 58 past five years and it includes now over twenty startups worldwide with different designs, 59
energy outputs, and flying altitudes (http://www.awec2011.com vertical position, and the wind speed at the sigma level directly above 3 km (located at 158 approximately 3.8 km AGL in the CFDDA data set). This is similar to the so-called 159 "LLJ-0" criterion by Whiteman et al. [16] . Lastly, following the "LLJ-0" criterion, a 160 minimum speed of 10 m s -1 is also required within the WSM's core. If all these 161 conditions are met for a given point at a given hour, then a WSM is deemed present at 162 that point and hour. Next, wind power density is calculated. than wind speed alone because it accounts for two competing effects that are important 168 for AWE systems: the increase in wind speed with height, which increases power 169 generation, and the decrease in air density, which decreases the kinetic energy available 170 for conversion to electricity. Wind power density accounts for both of these effects. To 171 accurately evaluate , (moist) air density at the WSM level is calculated at each hour 9 from temperature, pressure, and relative humidity using virtual temperature and the 173 equation of state [38] . 174
The maximum fraction of  that can be extracted from the wind to eventually 175 generate electricity via an ideal and perfectly-efficient wind turbine is 16/27, which is 176 known as the Betz limit [37, 39] . A modern ground-based wind turbine is about half as 177 efficient as an ideal one. Because AWE systems are not commercially available yet, we 178
cannot quantify precisely what fraction of  can actually be converted to electricity.
179
Therefore, for the calculation of AWE potentials presented in the next section, we assume 180 that the efficiency of AWE systems is simply half of the theoretical maximum efficiency, 181 thus 8/27 or ~30%. 182
The procedure described above was applied to all grid points for all hours of 183 January and July for 21 years . The resulting dataset includes 2D fields of 184 wind speed, height, and wind power density at points that are characterized by WSM at 185 least 15% of the time in the two months analyzed for the 21-year period. which is almost absent in January, the Somali jet is a persistent feature in January too, 220 due to the reversed northeasterly monsoon. Other interesting local features captured by 221 the WSM algorithm are the three mountain gap winds in Central America in January 222 [49] . 223
Wind power densities are generally high in WSM, exceeding 1000 W m-2 at most 224 locations in both January and July (Figures 1 and 2) . WSM near the polar regions exhibit 225 the highest wind power densities, with peaks exceeding 12,000 W m-2, but have little 226 practical value due to their remoteness. Remarkable wind power densities (>10,000 W m-227 2) are found in the Somali jet, on the lee-side of the Andes, and in Patagonia in July. 228
Global potentials 229
The wind power potential in WSM is dictated by how many square meters of area 230 perpendicular to the air flow can be swept by the AWE systems per square kilometer of 231 land. Since no array of AWE systems has been built to date and even the definition of 232 swept area depends on the specific AWE design, we simply assumed three increasingly 233 higher values of AWE system density: 100 (low), 1000 (intermediate), 6. Electricity production is assumed to be zero during non-WSM events. 250
Because of this last assumption, our estimates are conservative and should be 251 considered a lower bound. The resulting WSM potentials are summarized in Table 1 . It 252 should be clearly stated that no assumptions are made about system or transmission 253 losses, climate feedbacks, land use and airspace restrictions. Therefore, these values 254 correspond to the "technical", rather than the "practical" wind power potentials. At all 255 AWE system densities, the potentials are higher in July than in January. by the alternating of heating and cooling on the eastern slopes of the Rockies, which 267 would cause diurnal oscillations that are not inertial. Fourth, Uccellini et al. [29] 268 emphasized that the upper-level flow plays an important role in the Great Plains, as LLJ 269 formation is enhanced below the exit region of upper-level baroclinic waves. 270
Although understanding the exact formation mechanism of the Great Plains LLJ 271 is beyond the scope of this study, the analysis presented here can offer some insight 272 because the WSM coincides with the LLJ in this case. (6am -12pm) . 284
It appears that the Great Plains LLJ in the summer is not just a nocturnal 285 phenomenon because it occurs at all hours. It reaches its lowest elevation (<400 m AGL) 286 14 and strongest wind power density (up to 3000 W m -2 ) in the evening and night, but it does 287 not dissipate during the day, rather it rises and weakens in the morning and afternoon. 288
This suggests that nocturnal stability is not a necessary condition for LLJ formation in the 289
Great Plains in the summer. 290
The LLJ in the Great Plains appears to have different characteristics in the 291 summer and in the winter. Only a fraction of the area that is characterized by an LLJ in 292
July also displays it in the winter, but wind speed and wind power density are generally 293 higher, whereas jet elevation and frequency are lower in January than in July, consistent 294
with [16] . During summer the LLJ rises to higher altitudes in the morning and afternoon 295 ( Figure 3b) ; in winter it appears to mainly be present at night and in the morning, and 296 dissipates in the afternoon and evening (Figure 3a ). This suggests that nocturnal stability 297 plays a more important role in the winter than in the summer in the Great Plains. 298
In the summer, the Great Plains LLJ appears to have a coherent structure, as 299
shown by the consistent behavior of the jet throughout the diurnal cycle both on average 300 and for each percentile in the right column of Figure 3 . For example, the average LLJ in 301 the afternoon is higher and weaker than the LLJ in the evening for all points. This is not 302 the case in the winter, when some points experience a lower but weaker LLJ in the 303 afternoon than at night. 304
Despite the smaller areal extent and the lack of temporal consistency, the winter 305 LLJ has other appealing properties for AWE, such as a lower core height, and greater 306 wind speeds (and wind power densities) than the summer LLJ. Plains region (with LLJ frequency of occurrences >15%) at a given hour within the specified time period; as such, a given location appears 24 times per plot and 6 times per time period. More locations experience LLJs in July than in January in the Great Plains.
